Mined gypsum has been benefi cially used for many years as an agricultural amendment. A large amount of fl ue gas desulfurization (FGD) gypsum is produced by removal of SO 2 from fl ue gas streams when fuels with high S content are burned. Th e FGD gypsum, similar to mined gypsum, can enhance crop production. However, information is lacking concerning the potential environmental impacts of trace metals, especially Hg, in the FGD gypsum. Flue gas desulfurization and mined gypsums were evaluated to determine their ability to aff ect concentrations of Hg and other trace elements in soils and earthworms. Th e study was conducted at four fi eld sites across the United States (Ohio, Indiana, Alabama, and Wisconsin). Th e application rates of gypsums ranged from 2.2 Mg ha −1 in Indiana to 20 Mg ha −1 in Ohio and Alabama. Th ese rates are 2 to 10 times higher than typically recommended. Th e lengths of time from gypsum application to soil and earthworm sampling were 5 and 18 mo in Ohio, 6 mo in Indiana, 11 mo in Alabama, and 4 mo in Wisconsin. Earthworm numbers and biomass were decreased by FGD and mined gypsums in Ohio. Among all the elements examined, Hg was slightly increased in soils and earthworms in the FGD gypsum treatments compared with the control and the mined gypsum treatments. Th e diff erences were not statistically signifi cant except for the Hg concentration in the soil at the Wisconsin site. Selenium in earthworms in the FGD gypsum treatments was statistically higher than in the controls but not higher than in the mined gypsum treatments at the Indiana and Wisconsin sites. Bioaccumulation factors for nondepurated earthworms were statistically similar or lower for the FGD gypsum treatments compared with the controls for all elements. Use of FGD gypsum at normal recommended agricultural rates seems not to have a signifi cant impact on concentrations of trace metals in earthworms and soils.
G ypsum (CaSO 4 ·2H 2 O) has a number of benefi cial functions as a soil amendment in agriculture (Chen and Dick, 2011; EPRI, 2006; Wallace, 1994) . It is a soluble source of the essential plant nutrients Ca and S and can improve overall plant growth. Gypsum amendments can also improve the physical and chemical properties of some soils. Physical properties improved by application of gypsum include promotion of soil aggregation, reduced dispersion of soil particles, reduced surface crust formation, promotion of seedling emergence, increased water infi ltration rates, deeper movement of Ca and S through the soil profi le, and reduced erosion losses of soils and nutrients. Chemical properties improved by application of gypsum include those associated with subsoil acidity and Al toxicity. Th is can enhance deep rooting and the ability of plants to take up adequate supplies of water and nutrients during drought periods. Gypsum is also a commonly used amendment for sodic soil reclamation.
A large amount of fl ue gas desulfurization (FGD) gypsum is produced by removal of SO 2 from fl ue streams when energy sources (generally coal) containing high concentrations of S are burned (American Coal Ash Association, 2011). Flue gas desulfurization gypsum has a higher CaSO 4 ·2H 2 O content and lower concentrations of many trace elements than commercially available mined gypsum (Dontsova et al., 2005; Srivastava and Jozewicz, 2001 ). Flue gas desulfurization gypsum may be used benefi cially in agriculture (EPRI, 2006; Chen and Dick, 2011; Fisher, 2011) . However, FGD gypsum contains higher concentrations of Hg and Se (Dontsova et al., 2005) . In terms of agricultural function, the source of gypsum is not important. A potential constraint controlling use of a particular gypsum for agriculture is its trace element content. Th e higher concentrations of Hg and Se in FGD gypsum than in soils and mined gypsum have been identifi ed as potential elements of concern when using FGD gypsum as an agricultural amendment (EPRI, 2011) . Arsenic (As) is also cited as a potential element of concern due to its toxicity, although concentrations in FGD gypsum are typically low and similar to those in soil and mined gypsum (Chaney, 2011; Pier, 2007; Dontsova et al., 2005) .
Trace elements added to the soil with gypsum or any soil amendment may be concentrated in food chains as the elements are consumed and passed from one trophic (feeding) level to another level (Duff y and Gulledge, 2011) . Some of the potential food chain eff ects of gypsum as a soil amendment may be evaluated by measuring elemental uptake by organisms living in the amended soil. Th is is done routinely by measuring element concentrations in plants growing on the amended soil, but animals may also be used to measure element uptake. Earthworms form the base of various food chains because they are preyed on by many species of snakes, mammals, and invertebrates (Edwards and Bohlen, 1996) .
Earthworms are also good indicators of soil chemical quality and are bioindicators of potential element availability (Paoletti, 1999) . Th ey have close contact with the soil, which they ingest during feeding and burrowing activities, and have relatively long life spans that allow for bioaccumulation to occur through time. By feeding directly on soil, earthworms may short-circuit the usual pathways by which elements are concentrated in food chains. Th e usual pathways involve absorption of the elements by plants and then feeding by herbivores on the live plants or by soil animals aft er the plant has died and been converted into detritus. Earthworms also absorb trace elements by ingesting detritus derived from plants along with the soil.
Th e purpose of this study, conducted at several fi eld sites in the United States, was to evaluate the eff ect of FGD and mined gypsums as agricultural amendments on earthworm numbers and biomass and concentrations of trace metals, with special emphasis on Hg, Se, and As in soils and earthworms.
Materials and Methods

Study Sites and Experimental Design
Field studies were conducted at four sites across the United States to study the eff ects of gypsum amendments on soil quality, crop yield, and crop quality. Th e sites were located at (i) Canfi eld, OH; (ii) Kingman, IN; (iii) Crossville, AL; and (iv) Arlington, WI. At each site, a standard protocol involved a comparison of FGD gypsum with commercial mined gypsum each at three rates plus a zero rate control treatment. Th e gypsums were surface applied without incorporation except at the Wisconsin site, where these materials were lightly tilled into the top 10 cm of soil. Th e treatments were replicated four times in a completely randomized (Indiana site) or a randomized complete block design (all other sites). Th e gypsum rates varied at the diff erent sites depending on the intended eff ects on soil properties (Chen and Dick, 2011) . At each site, earthworms and soils were sampled from the control and the highest rates of FGD and mined gypsums treatments. Th e gypsum rates for this study were generally considered to be at least double (in some studies 10 times) the presumed optimal agricultural application rate of gypsum to increase the likelihood of producing measurable eff ects. Th e mined gypsums were pelletized products consisting of the specifi c mined gypsum plus binding materials to form the pellets. A summary of the sites and treatments involved in this study is provided in Table 1 .
Because of the greater scrutiny of Hg, As, and Se in FGD gypsums, these elements are singled out in the results and discussions that follow. Concentrations in gypsums of Hg, As, and Se are shown in Table 2 . Concentrations of Hg in the FGD gypsum samples were approximately 75 to 2000 times higher than those of the corresponding mined gypsums, with the FGD gypsum used in Wisconsin having the highest concentrations. Concentrations in gypsums of 12 other trace elements (Table 3) show Ba and Sr were lower in the FGD gypsums than in the mined gypsums. Th e other elements were also either generally similar or lower in the FGD gypsum compared with the mined gypsum.
Earthworm Sampling
Th e lengths of time from gypsum application to soil and earthworm sampling were 5 mo (2008) and 18 mo (2009) in Ohio, 6 mo in Indiana, 11 mo in Alabama, and 4 mo in Wisconsin. At all study sites except Indiana, earthworms were collected from two sample points in each plot. At each sampling point, a block of soil (30 cm × 30 cm × 10 cm deep) was excavated with a spade and placed in a plastic bag to return to the laboratory for hand sorting of earthworms. Th en 3 L of a mustard solution was applied to the soil pit to drive out deeper burrowing earthworms and bring them to the surface. Th e mustard stock solution was prepared by mixing 106 g of dry mustard into 1 L of 5% acetic acid (vinegar) and shaking overnight. Th e stock solution was diluted in the ratio of 15 mL stock solution to 1 L of water to make the fi eld sampling solution (Chan and Munro, 2001) . Th e mustard solution was applied slowly to each hole, but there was always some ponding of the solution depending on the infi ltration rate of the soil. Each hole was observed for at least 10 min for the emergence of earthworms. Earthworms expelled by the mustard solution were rinsed in water and placed in glass jars with moist soil for return to the laboratory.
Soil from the excavated blocks was stored at room temperature in the laboratory for a maximum of 8 d before earthworms were extracted from the soil. Earthworms were hand sorted from the two soil blocks per plot and combined into one sample with the earthworms from the same plot expelled by mustard. Earthworms were placed in tared glass bottles, rinsed repeatedly with deionized water, and then immediately killed and dried in an oven at 75°C for 48 h and weighed. Th e dried earthworm samples from all studies were ground to a fi ne powder in a glass mortar and pestle to avoid contamination by metal surfaces and then stored in small vials before submission to the analytical laboratory. Because animals that feed on earthworms cannot separate earthworm tissue from gut contents (i.e., mostly soil or other detritus), the entire earthworm was analyzed. In Indiana, poor sampling conditions (snow-covered soil) and preliminary digging to look for earthworms indicated that sampling with the soil block method might not recover enough earthworm material for chemical analyses. Instead, earthworms were collected by digging and sorting through the soil in the fi eld and immediately placed in jars with moist paper towels before returning to the laboratory. In this scheme, an equal amount of soil from the same depths was sampled for the diff erent gypsumtreated areas. Th e earthworm samples were held in the jars for at least 48 h before they were killed in the oven.
For the fi rst collection only of earthworms from Ohio in 2008, each sample was split into two samples of approximately equal number of worms for depuration treatments. Dividing the sample in this way left us with less material than desired for analyses. Th us, for the remainder of the study worms were not depurated. Depuration is a "purifi cation" technique to purge soil and other gut contents from the digestive tracts of earthworms. It was generally done to facilitate a more accurate measure of concentrations of elements that have been absorbed and incorporated within the living tissue of the earthworms as an indication of chemical partitioning and magnifi cation between the living tissue of the organisms and their environment. Earthworms to be depurated were placed in glass jars with a moist paper towel and kept for 48 h to allow soil and other gut contents to pass out of the earthworm digestive tract. Th e depurated worms were then separated from the moist paper, placed in tared glass bottles, and rinsed with deionized water before being analyzed. 
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Chemical Analyses
Soil aliquots from the blocks of soil harvested for earthworms were crushed to pass through a 2-mm sieve. Samples of FGD gypsum and mined gypsum were also saved during the establishment of each study for characterization. Soils and gypsums were air dried before analyses. Th e pH was measured using a glass electrode in 1:1 soil/water (Th omas, 1996) . Electrical conductivity (EC), which is a measure of salt concentration, was determined using a conductivity bridge (meter) on 1:2 soil/ water mixture (Rhoades, 1996) . Total C in soils was measured by combustion at 900°C followed by analysis using Elementar America's VarioMax instrument.
Gypsum, soil, and earthworm samples were digested (CEM Mars digestion unit) with HNO 3 /HCl using a modifi ed USEPA Method 3051a (microwave assisted acid digestion). Th is modifi ed method provides a harsher extraction solution than the standard USEPA 3051 method (USEPA, 1995) . Th e method was modifi ed by treating 0.5-g sample with 9 mL of concentrated HNO 3 and 3 mL of concentrated HCl at 175°C for 15 min, followed by heating at 200°C for an additional 15 min. Aft er digestion, As, Ba,, Co, Cr, Cu, Mo, Ni, Pb, Sb, Se, Sr, V, and Zn were measured by inductively coupled plasmaatomic emission spectrometry using a Teledyne Leeman Labs Prodigy Dual View instrument.
Mercury in gypsums, soils, and earthworms was determined by digesting 0.250 g of sample in a 1:1 mixture of high purity instra-analyzed concentrated nitric acid and 72% perchloric acid. Digestion in glass tubes was conducted for 3 h at 175°C and 1 h at 230°C. Th e digested samples were transferred to 50-mL culture tubes, the samples were brought to 50 mL volume with 3% HCl, and the Hg was analyzed by cold vapor atomic fl uorescence spectrometry using a CETAC M8000 analyzer. Th e digested samples from soils and earthworms were subjected to a more sensitive analysis of Se using hydride generation atomic absorption spectrometry.
For all analytical measurements made, a blank was included approximately every 20 samples. Reference materials were also included at the same rate. Th e reference materials were obtained from the National Institutes of Standards and Technology and included materials such as river sediment, soils, domestic and industrial sludges, plant samples, and coal fl y ash. If the reference samples fell outside of two standard deviations of repeated measures of these samples, the reasons for this were investigated, and corrections were made. Finally, enrollment and involvement in two profi ciency programs, the Compost Analytical Profi ciency program available through the US Composting Council and the North American Profi ciency Testing Program of the Soil Science Society of America, also helped to ensure that high quality data were obtained.
Bioaccumulation Factors
Th e ratio of the concentration of an element in the earthworm to the concentration in the soil containing the earthworms is called the bioaccumulation factor (USGS, 2011). Bioaccumulation factors were calculated for the various trace elements measured.
Data Analyses
For each study site, data for earthworm numbers and biomass, concentrations of elements in soils and earthworms, and bioaccumulation factors for certain elements were subjected to ANOVA using JMP statistical soft ware (SAS Institute, 2000) . A diff erent ANOVA model was used for data from the Indiana site that used a completely randomized experimental design, compared with the other sites that used a randomized complete block design. If the probability value for gypsum treatment in the ANOVA was less than 0.05, diff erences among means were tested with the least signifi cant diff erence test.
Results
Soil Chemistry
Concentrations of Hg in soils were not aff ected by the mined gypsums at any of the experimental sites. However, because concentrations of Hg in the FGD gypsum samples were much higher than that of the control soils (Tables 2 and  4 ) and because Hg concentrations in the mined gypsum samples were much less than that of the control soil, concentrations of Hg in the soil from Wisconsin were signifi cantly increased with FGD gypsum treatment compared with the mined gypsum and control treatments. Th ere were tendencies to increase Hg in the soils from Ohio and Indiana, but there was no eff ect in the soil from Alabama (Table 4) . Th ese results are to be expected because the Hg concentration for the FGD gypsum used in Wisconsin was higher than for the FGD gypsums used at the other three locations (Table 1) .
Concentrations of As in the FGD and mined gypsum samples were less than in the control soils (Tables 2 and 4 ). Th us, increases of As in the soils due to gypsum application were not expected and were not found in any experimental sites (Table  4) . Concentration of Se in the soil from Ohio was statistically greater for the FGD gypsum treatment than for the mined gypsum treatment or the control soil 5 mo aft er application but not 18 mo aft er application (Table 4) . Concentrations of Se in soils were not aff ected by the gypsum treatments in Indiana, Alabama, and Wisconsin.
Concentrations of 12 other trace elements in the soils treated with gypsums showed few signifi cant treatment diff erences (Table 5) . Concentrations of Sr in the soils were signifi cantly increased by the mined gypsum treatment compared with the FGD gypsum and control treatments at all sites. Concentration of Ni in the soil from Wisconsin showed a small but signifi cant eff ect by the FGD gypsum application. Five months aft er gypsum applications in Ohio, concentrations of Co in soils by the mined and FGD gypsum treatments and concentrations of Ni by the mined gypsum treatment slightly decreased compared with the control treatment.
Earthworm Numbers and Biomass
In Ohio in 2008, 5 mo aft er a high 20 Mg ha −1 application rate of gypsum, the FGD-treated and mined gypsum-treated plots showed signifi cant decreases in numbers and biomass (i.e., dry weight) of earthworms (Table 6 ) compared with the control treatment. When measurements were made 18 mo aft er gypsum applications in 2009, both gypsum treatments again showed signifi cant decreases in earthworm numbers. Although earthworm biomass for the FGD gypsum treatment was less aft er 18 mo, it was not statistically signifi cant when compared with the mined gypsum and control treatments. In Alabama, 11 mo aft er gypsum applications, the FGD gypsum appeared to decrease numbers and biomass of earthworms compared with the mined gypsum and control, but this eff ect was not statistically signifi cant (Table 6 ). In Wisconsin, 4 mo aft er gypsum applications, there were no signifi cant eff ects of gypsum treatments on earthworm numbers or biomass compared with the control. In Indiana, the digging and fi eld sorting procedure used to collect earthworms did not allow comparisons of gypsum treatment eff ects on earthworm numbers and biomass.
Earthworm Chemistry
Th ere were no statistically signifi cant eff ects (P < 0.05) of gypsum applications on concentrations of Hg in earthworms at any site, and there were only a few signifi cant eff ects for As and Se (Table 7) . In Ohio aft er 18 mo, concentrations of As in earthworms were signifi cantly greater by the mined gypsum than by the FGD gypsum treatment or the untreated control. In Indiana and Wisconsin, concentrations of Se in earthworms were statistically higher by the FGD gypsum treatment compared Within a study site and element, means followed by no letters or the same letters are not signifi cantly diff erent at p = 0.05 using the LSD test. ‡ Length of time from gypsum application to soil sampling. § Selenium was measured after digestion using hydride generation atomic absorption spectrometry. ¶ Flue gas desulfurization. with the control but were not higher compared with the mined gypsum treatment.
Concentrations in earthworms of 12 other trace elements as aff ected by gypsum applications are presented in Table 8 . In Ohio, concentrations in earthworms of Ba, Cr, Ni, and V were statistically signifi cantly greater for the mined gypsum treatment than for the FGD gypsum treatment aft er 5 mo but not aft er 18 mo. Lead concentrations in earthworms were signifi cantly greater for mined gypsum than FGD gypsum aft er 5 and 18 mo. Strontium and Cu had greater concentrations for mined gypsum aft er 18 mo.
In Indiana, 6 mo aft er gypsum applications, concentrations of Cd and Zn in earthworms were statistically greater for the FGD gypsum treatment compared with the control (Table  8) . Mined gypsum increased Sr concentration in earthworms compared with the FGD gypsum treatment and the untreated control. Th ere were no signifi cant eff ects of gypsum applications on concentrations of nine other trace elements in earthworms. In Alabama, 11 mo aft er gypsum applications, there were no statistically signifi cant eff ects of gypsum applications on the concentrations of 12 trace elements in earthworms. In Wisconsin, 4 mo aft er gypsum applications, among 12 trace elements in Within a study site and population characteristic, means followed by no letters or the same letters are not significantly diff erent at p = 0.05 using the LSD test. ‡ Length of time from gypsum application to soil sampling. § Flue gas desulfurization. ¶ Not determined. Within a study site and element, means followed by no letters or the same letters are not signifi cantly diff erent at p = 0.05 using the LSD test. ‡ Length of time from gypsum application to earthworm sampling. § Selenium was measured after digestion using hydride generation atomic absorption spectrometry. ¶ Flue gas desulfurization.
earthworms, concentrations of Sr were increased by the mined gypsum and Zn was decreased by the FGD and mined gypsum treatments compared with the untreated control.
For the 2008 earthworm samples, there were no signifi cant diff erences in metal concentrations between worms that were depurated versus those that were not (Table 9 ). Because we were unable to obtain enough material from our other samplings, we calculated bioaccumulation factors for nonpurated earthworms. Bioaccumulation factors for Hg, As, Se, Cd, Cu, Mo, and Zn for earthworms in gypsum-treated soils are presented in Table  10 . At all sites, Hg, Se, Cd, and Zn had higher concentrations in earthworms than in corresponding soils for all treatments, as indicated by bioaccumulation factors that were substantially greater than 1.0. Selenium had the largest bioaccumulation factors at all sites, with values greater than 200 in Ohio 18 mo aft er gypsum applications. In Alabama, Cu also had higher concentrations in earthworms than in corresponding soils. However, when comparing bioaccumulation factors among Mg ha Within a study site and element, means followed by no letters or the same letters are not signifi cantly diff erent at p = 0.05 using the LSD test. ‡ Length of time from gypsum application to soil sampling. § Flue gas desulfurization. −1 for all other elements. Rates are 20 Mg ha −1 for the fl ue gas desulfurization gypsum and mined gypsum treatments and 0 Mg ha −1 for the control treatment. Values are means of four replications. In this table, there were no signifi cant diff erences between depuration and nondepurated treatment means at p = 0.05 for any elements. The interaction of soil treatment with earthworm (depuration) treatment was signifi cant for Cd, Pb, and Zn primarily because there were much greater concentrations of these elements for depurated versus nondepurated earthworms for the mined gypsum treatment. ‡ Flue gas desulfurization.
treatments, there were no statistically signifi cant diff erences (P < 0.05) in bioaccumulation factors among treatments for any of the elements at the Ohio and Indiana sites. In Alabama, the bioaccumulation factor for Zn was signifi cantly greater for mined gypsum than for the control treatment. In Wisconsin, the bioaccumulation factor for Hg was statistically lower for FGD gypsum than the other treatments.
Discussion
Th is study evaluated the eff ects of gypsum soil amendments on the concentrations of various trace metals in soils and earthworms. It also provides information on the tendency of earthworms to accumulate or concentrate trace metals in their gut or tissue when living in soil treated with gypsum materials. Th e goal in this study was to determine whether the FGD gypsum or mined gypsum treatments, compared with the control, increased accumulation into the earthworms.
Earthworms in these studies showed higher mean concentrations of Hg from soils treated with FGD gypsum compared with untreated control soils at three of the four sites, but these increases were never statistically signifi cant. Th e largest increases in mean Hg in earthworms with FGD gypsum were 40% in Ohio in 2008 and 30% in Alabama. At the Indiana site, mean Hg in earthworms was lower for FGD gypsum plots versus control treatment plots, but the diff erence also was not statistically signifi cant. Comparison of our results with those from a comprehensive study (Ernst et al., 2008) in Switzerland shows that Hg concentrations in soils and earthworms, even in our highest rate gypsum treatments, are not abnormally high. Th e Swiss study measured Hg in soil and earthworms at 27 forest sites in Switzerland representing all major bedrock types (lithostratigraphical units), and only two sites showed industrial contamination (primarily with Pb) from a smelter or a shooting
) was greater than the average soil Hg concentrations (25-66 μg kg −1 ) in our study. A majority of the Swiss sites had soil Hg concentrations that were greater than the 100 μg kg −1 natural background concentration (Grigal, 2003) in European forest soils, which possibly represented eff ects of diff use atmospheric pollution. In the Swiss study, Hg concentrations in earthworms were measured separately by species and varied from 10 to 4790 μg kg −1 for individual species at specifi c sites. Median concentrations for species varied from 180 μg kg −1 for Lumbricus rubellus to 1850 μg kg −1 for Octolasion cyaneum. Th ese Hg concentrations are similar to those in our study.
Mercury concentrations in earthworms had greater variability between study sites than within a site across treatments. For example, the diff erences in Hg concentrations in earthworms between Ohio and Indiana and between Indiana and Alabama were much greater than diff erences across treatments within the sites. Some of this variation between sites is due to diff erences in soil background levels, but much of the variation must be the result of the tendencies of the local populations to concentrate Hg from the soil. In control plots, soil Hg concentrations diff ered by a factor of two, but earthworm Hg concentrations diff ered by a factor of nine.
Earthworm depuration is commonly conducted before calculating bioaccumulation factors. In general, bioaccumulation factors are lower for nondepurated worms than for depurated worms. In our study, we only depurated earthworms collected in Ohio in 2008. In this case, the metal concentrations in the earthworms were not aff ected by depuration 5 mo aft er treatment (Table 9 ). Th us, for these earthworms, the bioaccumulation factors would also not be aff ected by depuration. We 3.22 † The bioaccumulation factor in this table was calculated as the ratio of the concentration of an element in a nondepurated earthworm to the concentration in the soil containing the earthworms. Values are means of four replications. Within a study site and element, means followed by no letters or the same letters are not signifi cantly diff erent at p = 0.05 using the LSD test. ‡ Length of time from gypsum application to soil sampling. § Flue gas desulfurization.
www.agronomy.org • www.crops.org • www.soils.org cannot make statements about earthworm depuration and bioaccumulation factors for the other samplings. However, comparison of bioaccumulation factors calculated in the same way for the nondepurated earthworms from gypsum treated and control soils (Table 10 ) also indicate there was not a signifi cant eff ect of the gypsum treatments on metal uptake. For food chain assessment, the bioaccumulation factors we determined for the nondepurated worms (Table 10) , which shows that earthworms clearly tend to accumulate Hg from soils in the absence of any FGD gypsum soil treatments. Th e variation in bioaccumulation factors was much greater between sites than across treatment types at any single site, suggesting the infl uence of soil type on Hg uptake. Th e mean bioaccumulation factors for Hg for depurated earthworms in the Swiss study (Ernst et al., 2008) were generally slightly lower than those in our gypsum study and varied from 1.1 to 15.2. Th e bioaccumulation factor for total Hg in depurated Eisenia fetida earthworms reported by Burton et al. (2006) for a soil highly contaminated with Hg (i.e., 11,500 μg Hg kg −1 soil) was 0.7. For a soil with a much lower level of Hg contamination (i.e., 156 μg Hg kg −1 soil), the bioaccumulation factor was 3.1. Arsenic concentrations in all gypsums at all study sites were near or below the detection level (1.28 mg kg −1 ) and were less than As concentrations in the corresponding control treatment soils, which always had As concentrations substantially greater than the detection level. Signifi cant eff ects of gypsum treatments on soil As concentrations and earthworm As concentrations were not expected and were not observed except for As in earthworms in Ohio 18 mo aft er gypsum applications. Mean As in earthworms in Ohio 18 mo aft er gypsum applications was statistically greater for mined gypsum than for FGD gypsum or control treatments. Th is statistically signifi cant eff ect of gypsum on As concentrations cannot be explained based on the small amount of As that was added by the gypsum treatments. Earthworms did not bioaccumulate As at any study site.
Selenium concentrations in gypsums at all study sites were below the detection level (2.32 mg kg −1 ) except for FGD gypsum in Indiana and Wisconsin. Th e only statistically signifi cant eff ect of gypsum treatments on soil Se concentrations was a higher concentration for FGD gypsum treatments in Ohio 5 mo aft er application. Selenium concentrations in earthworms were statistically higher in FGD gypsum plots versus the control treatment in Indiana and Wisconsin, in accordance with the greater Se concentrations in FGD gypsum in those studies. Earthworms have been reported to concentrate Se from the soil by a factor of 100 (Nielsen and Gissel-Nielsen, 1975) . However, the bioaccumulation factors for Se were not signifi cantly aff ected by treatments at any study site.
Strontium in gypsum, soil, and earthworms had uniform behavior for all study sites. Th e Sr concentration was always greater in mined gypsum than in FGD gypsum. Th e Sr concentration in soil was also always signifi cantly greater for mined gypsum treatments than for FGD gypsum or control treatments, and the concentration in earthworms was always greater (usually statistically signifi cant) for mined gypsum versus FGD gypsum or control treatment.
With the exception of Sr, no other element showed uniform behavior with respect to gypsum, soil, and earthworm concentrations across all study sites. For some elements, it was diffi cult to correlate soil and earthworm concentrations within a single study site. Small variations in Ni concentrations in soil or earthworms were sometimes statistically signifi cant. For Ohio 5 mo aft er gypsum applications, Ni concentrations in soil were statistically signifi cantly lower for mined gypsum, but Ni concentrations in earthworms were statistically signifi cantly greater for mined gypsum. Sample et al. (1999) were not able to develop accurate regression methods for estimating Ni or Cr concentrations in earthworms when using data from 26 studies. Earthworms accumulated Cd and Zn in treated and control plots at all study sites. Accumulation of Cd and Zn by earthworms has been noted in other studies (Helmke et al., 1979; Beyer et al., 1982; Neuhauser et al., 1995) .
Earthworms were not separated by species in this study. All chemical analyses of earthworms were done on mixed populations of unknown composition. Diff erent earthworm species may concentrate the same element from soil with diff erent bioaccumulation factors (Beyer and Cromartie, 1987) . Selective feeding by predators on diff erent species of earthworms with diff erent propensities to bioaccumulate specifi c elements could cause altered food-chain transfer of the elements compared with feeding on the earthworm population as a whole. Th e chemical compositions of the earthworms in this study should be seen as a community-level response of the earthworms to the gypsum treatments because we did not separate out responses to gypsum treatment by earthworm species. Although the gypsum treatments may have altered the relative abundance of earthworm species present, the resulting chemical composition of the earthworm community is a good indicator of potential foodchain transfer of elements in the absence of selective feeding on the earthworm community.
In Ohio, 5 mo aft er gypsum applications in 2008, the FGDtreated and mined gypsum-treated plots showed signifi cant decreases in numbers and biomass (i.e., dry weight) of earthworms (Table 6) . Th e decreases noted were possibly due to increases in soluble salts from the gypsum applications. Soluble salts, as measured by electrical conductivity (EC; dS m −1 ), in the soil samples collected with the earthworm samples in October 2008 were signifi cantly greater for FGD gypsum (1.71) and mined gypsum (1.87) than for control treatment plots (0.18).
Salinity is recognized as an important factor aff ecting earthworm populations (Curry, 2004) , but there appears to be little information on the specifi c eff ects resulting from diff erent levels of soluble salts. Khalaf El-Duweini and Ghabbour (1965) found that adult earthworm populations in Egyptian soils were inversely related to total soluble salts, but they expressed soluble salts as a percentage of soil mass rather than as conductivity of a soil extract. Owojori et al. (2008) found that the manure worm Eisenia fetida was not killed in soil with EC of 1.31 dS m −1 . Th ey measured soil EC using a 1:5 (w/v) soil-water extract instead of the 1:2 (w/v) soil-water extract used in this study, so if measured on a 1:2 soil-water extract their soil EC would have exceeded the mined gypsum value of 1.87 dS m −1 in this study. On a reclaimed coal surface mine in Ohio, Wiryono (1991) found that population numbers and biomass of naturally colonizing earthworms were not signifi cantly diff erent on graded calcareous overburden (EC = 1.54 dS m ) were 221 on graded overburden and 235 on topsoil. Dayananda et al. (2008) found that potable water with an EC of 2 dS m −1 had relatively moderate eff ects on survival and development of three earthworm species when used to water the substrate in which worms were incubated. Th erefore, these studies suggest that the overall soil EC levels in our gypsum treatments should not have been strongly detrimental to the earthworm populations. However, the pasture in the gypsum experiment in Ohio had a dense sod, and during hand sorting most earthworms were found in the dense root mass of the sod rather than deeper in the soil where the root mass was thinner. By living near the surface of the soil, the earthworms would have been more strongly aff ected by the salt eff ects of the gypsum applications than might be inferred from the overall levels of soluble salts as measured in the 10-cm-thick soil block.
